Introduction {#Sec1}
============

The transition of mitosis to early G1 phase during cell cycle progression is characterized by dramatic changes in cell morphology. The round mitotic cells attach to the substratum and flatten subsequently to the morphology that is well known from interphase cells. In addition to these morphological changes, also the onset of signal transduction cascades was described in early G1 cells (Hulleman et al. [@CR21], [@CR22]). Integrin dependent as well as growth factor dependent signal transduction become activated within half an hour after completion of mitosis. It has been demonstrated during the on-going cell cycle of Chinese Hamster Ovary (CHO) and neuroblastoma N2A cells that serum induces the activation of the MAP kinase pathway within 15 min after mitosis, and that inhibition of this activation causes an inhibition of cell cycle progression (Hulleman et al. [@CR21]). Similarly, prevention of cell attachment also resulted in cell cycle arrest (Hulleman et al. [@CR22]).

In addition to growth factors and adhesion, organization of the actin cytoskeleton is also implicated in G1 phase progression since disruption of actin architecture with pharmacological agents leads to G1 arrest in a variety of cell types (Bohmer et al. [@CR2]; Bottazzi et al. [@CR5]; Fasshauer et al. [@CR12]; Huang et al. [@CR19], Huang and Ingber [@CR20]; Iwig et al. [@CR23]; Lohez et al. [@CR24]; Maness and Walsh [@CR25]; Ohta et al. [@CR28]; Reshetnikova et al. [@CR30]; Takasuka et al. [@CR33]; Tsakiridis et al. [@CR34]). In this respect it is of interest that the actin cytoskeleton has been demonstrated to play an essential role in signal transduction (Boonstra and Moes [@CR3]; Heng and Koh [@CR16]). The first indications for the relationship between actin and signal transduction were obtained by studies on the effects of growth factors on cell morphology. For example, addition of EGF caused the formation of membrane ruffles within minutes after addition of the growth factor (Diakonova et al. [@CR11]). It was demonstrated that exposure of cells to EGF caused a rapid actin polymerization. The formation of membrane ruffles and the translocation of several of the downstream signaling molecules to these newly formed membrane ruffles suggested the formation of signaling complexes at the plasma membrane in the membrane ruffles (Diakonova et al. [@CR11]; Payrastre et al. [@CR29]). Interestingly, treatment of the cells with F-actin disrupting agents like cytochalasin caused a severe reduction in growth factor induced signaling (Margadant et al. [@CR26]), demonstrating the mutual interaction between signaling cascades and the actin microfilaments. Furthermore, a wide variety of signaling proteins, amongst them the epidermal growth factor receptor, were demonstrated to associate directly to actin (den Hartigh et al. [@CR10]; Diakonova et al. [@CR11]; Payrastre et al. [@CR29]). These observations suggest strongly that the drastic changes in the actin microfilament system during the transition from M to early G1 phase may be related to the onset of growth factor and integrin mediated signal transduction.

To establish the possible role of actin in signal transduction in the early G1 phase of the cell cycle, we have studied the localization of these signal transduction molecules and of F-actin using immunofluorescence microscopy in the early G1 phase of the ongoing cell cycle. It was shown that various key signal transduction proteins, such as phosphorylated FAK and MAPK, were present in blebs of the cell membrane in cells in early G1 phase. Cells that progressed further into G1 phase and that were spread further, exhibit small focal adhesions and less membrane blebs. Both the presence of phosphorylated FAK within these blebs and the temporal presence of the membrane blebs during the spreading of cells directly after mitosis, suggest a role in facilitating attachment. Interestingly, inhibition of the FAK-mediated or MAPK-mediated signal transduction by specific inhibitors did not influence the formation of the membrane blebs. This suggests that membrane bleb formation is independent from signal transduction. Membrane blebs may facilitate plasma membrane enlargement and efficient integrin and growth-factor induced signalling that is required during early G1 phase.

Materials and methods {#Sec2}
=====================

Cell culture synchronization and trypsinization {#Sec3}
-----------------------------------------------

HeLa cells and CHO cells were cultured in CO~2~ independent Dulbecco's modified Eagle's medium (DMEM) containing 25 mM HEPES (Gibco/Invitrogen, Paisley, UK), supplemented with 7.5% fetal calf serum (Gibco/Invitrogen, Paisley, UK). Cell cultures were synchronized by mitotic shake off (Boonstra et al. [@CR4]). After shake off, mitotic cells were plated on glass coverslips and allowed to progress in G1 phase for various time intervals before chemical fixation.

Cells were trypsinized according general procedures and allowed to spread for 30 or 60 min after replating. Subsequently cells were chemically fixed and labelled for proteins that are phosphorylated on tyrosine residues (PY100) and F-actin as described under Fluorescence microscopy. Cells were trypsinized and plated on fibronectin and poly-[l]{.smallcaps}-lysine, respectively, in the absence or presence of serum for 10 or 20 min. Subsequently the fraction of the initial plated cells was calculated that displayed a spread or round morphology and the fraction of initial plated cells that contained membrane blebs. Cells were counted before replating and non-attached cells are not included in the calculation because the cells were allowed to attach for only 10 or 20 min. The presented data of the trypsinization assay represent two individual experiments.

Fluorescence microscopy {#Sec4}
-----------------------

Cells were fixed in 3.7% (w/v) formaldehyde in PBS, washed with PBS and permeabilized for 5 min in PBS containing 0.2% Triton X-100. After washing with PBS, cells were incubated with 50 mM glycine in PBS for 10 minutes. Subsequently samples were washed twice with PBS containing 0.2% gelatin and incubated with the primary antibody diluted in PBS containing 0.2% gelatine during 60 min, with the exception of the anti-cPLA~2~α antibody that was incubated overnight. After several washings with PBS containing 0.2% gelatin, cells were incubated with a secondary antibody and TRITC-conjugated phalloidin diluted in PBS containing 0.2% gelatine and washed again with PBS containing 0.2% gelatin. Finally, cells were mounted in (2.5% w/v) mowiol 4-88 (Hoechst, Frankfurt, Germany)-DAPCO (Sigma-Aldrich St. Louis, USA). All individual experiments were carried out at least three times. Experiments with double labelling were also performed with single labels, among others to control for bleedthrough of the fluorophores. Controls with incubations of solitary secondary antibodies were carried out routinely with identical settings of the microscope.

Acquisition of immunofluorescence images {#Sec5}
----------------------------------------

Images were acquired with a Zeiss confocal laser scanning microscope (CLSM) (Pascal 510) fitted with Zeiss objective lenses (40× N.A. 1.3 and 63× N.A. 1.4). Images in Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"} represent single optical slices along the *z*-axis. The optical section thickness was kept identical for both the red and the green channels. Images in Fig. [5](#Fig5){ref-type="fig"} represent projections along the *z*-axis. The lay-out of the pictures was created with Adobe Photoshop^®^ 8.0.Fig. 1Localization of tyrosine phosphorylated proteins and F-actin in early G1 phase HeLa cells. HeLa cells were chemically fixed 30 min after mitotic shake off and stained for PY100 (*green*) and F-actin (*red*) as described in "[Materials and methods](#Sec2){ref-type="sec"}". The *upper panel* (**a**--**c**) represents the initial stage after mitosis. Cells exhibit blebs of the cell membrane that contain F-actin and are enriched with proteins that are phosphorylated at tyrosine residues. Cells that are spread further exhibit small focal adhesions and thin actin stress fibers (**d--f**). Cells that show small focal adhesions contain no blebs of the cell membrane. *Bar* represents 10 μmFig. 2Localization of tyrosine phosphorylated proteins and F-actin in G1 phase of HeLa cells. HeLa cells were synchronized by mitotic shake-off and replated for 1, 2, 3, 4, 5 and 6 h, respectively, as indicated. Labelling of tyrosine phosphorylated proteins \[PY100 labelling (*green*)\] is localized throughout the cytoplasm and in focal adhesions. F-actin \[Phalloidin labelling (*red*)\] is present in focal adhesions and stress fibers. Focal adhesions increase both in size and in number (**a**, **d**, **g**, **j**, **m**, **p**). During time, the actin stress fibers become more apparent (**b**, **e**, **h**, **k**, **n**, **q**). *Bar* represents 10 μmFig. 3Localization of phosphorylated FAK during early G1 phase in HeLa cells. **a** HeLa cells were synchronized by mitotic shake-off and replated for 40 min followed by chemical fixation as described under "[Materials and methods](#Sec2){ref-type="sec"}". Phospho-FAK^397^ (*green*) and F-actin (*red*) were labeled as described under "[Materials and methods](#Sec2){ref-type="sec"}". Three optical sections of the same cells are represented: *A* basal side, *B* middle part and *C* apical side. P-FAK^397^ was detected in membrane blebs at the cell surface cells. The blebs contained F-actin, and P-FAK^397^ localized in membrane blebs was surrounded with a coat of F-actin (**a***C*, *F*). **a***D, E, F* represents an optical section through the center of the cell that clearly exhibits blebs at the edge of the cell. The blebs of the membrane were present on the whole cell surface, from the basal side (a *A*, *B*, *C*) to the apical side (**a***G*, *H*, *I*). Bar represents 10 μm. **b** Synchronized HeLa cells that were chemically fixed 1 h after replating were stained for Phospho-FAK^397^ (*green*) and F-actin (*red*). Three optical sections of the same cells are represented: *A* basal side, *B* middle part and *C* apical. After 60 min, the number of blebs decreased at the apical side of cells (**b***G*, *H*, *I* vs. **a***G*, *H*, *I*). Optical sections through the center of the cell revealed no blebs of the membrane (**b***D*, *E*, *F*) in contrast to sections 40 min after mitosis (**a***D*, *E*, *F*). However, in the cells that were fixed after 60 min, some blebs were observed that contain P-FAK^397^ at the basal side of cells (**b***A*, *B*, *C*). *Bar* represents 10 μmFig. 4Localization of MAP kinase and phosphorylated MAP kinase during early G1 phase in HeLa cells. HeLa cells were synchronized, replated and chemically fixed as described under "Material and methods" and Legends of Fig. [3](#Fig3){ref-type="fig"}. Subsequently cells were labelled for MAPK or phospho-MAPK labelling (*green*) and F-actin labeling (*red*). MAPkinase (**a**) and phospho-MAPkinase (**d**) are localized in blebs of the cell membrane that can be distinguished from the rest of the cell by the packaging in F-actin (**b, e**). *Bar* represents 10 μmFig. 5Blebs of the cell membrane in post-mitotic cells in a random growing cell cultures of CHO (**a**) and HeLa cells (**b**). Blebs of the cell membrane were detected by labelling for F-actin. *Bar* represents 10 μm

Antibodies {#Sec6}
----------

The monoclonal antibody raised against PY100 was purchased from Cell Signalling, the antibody recognizing phospho-FAK^397^ was purchased from Biosource/Invitrogen (Paisley, UK), the antibody raised against cPLA~2~α (sc-1724; concentration used: 4 μg/ml) and phospho-cPLA~2~α (Ser 505) (sc-34391; concentration used: 1 μg/ml) were purchased from Santa Cruz, the antibody raised against MAPK (concentration used: 2 μg/ml) was from Upstate and the phopho-p44/42 MAPK antibody was purchased from Cell Signaling. Secondary antibodies (GAR Alexa 488, GAM Alexa 488 and DAG Alexa 488; all used at concentrations of 1 μg/ml) were purchased from Molecular Probes/ Invitrogen (Paisley, UK), tetramethylrhodamine-5-(and-6)isothiocyanate (TRITC) conjugated Phalloidin (concentration used: 67 ng/ml) was purchased from Sigma-Aldrich (St. Louis, USA).

Results {#Sec7}
=======

Signal transduction is induced at the cell membrane directly after mitosis {#Sec8}
--------------------------------------------------------------------------

In order to establish the localization of signalling proteins during the transition from mitosis to G1 phase, mitotic cells synchronized by shake-off, were labelled with antibodies directed against tyrosine phosphorylated proteins and F-actin as described under "[Materials and methods](#Sec2){ref-type="sec"}". Both growth factor- and integrin-directed signalling activate signal transduction cascades that involve tyrosine phosphorylation of various proteins and as such this parameter is well suited to establish signal transduction. Synchronized mitotic cells were cultured and allowed to progress into G1 phase for 30 min before chemical fixation as indicated. Other samples were allowed to progress into G1 phase for 1, 2, 3, 4, 5 and 6 h before chemical fixation. Subsequently cells were labelled with an antibody directed against proteins that are phosphorylated on tyrosine residues (PY100). In the same samples, cells were also labelled for F-actin. Immunofluorescence microscopy revealed the local presence of phosphorylated proteins at the cell membrane 30 min after replating (Fig. [1](#Fig1){ref-type="fig"}a). These local concentrated spots with phosphorylated proteins are encased in a sheath of F-actin (Fig [1](#Fig1){ref-type="fig"}b) that seems to induce blebs of the cell membrane. Other cells in the same sample were spread a bit more (Fig. [1](#Fig1){ref-type="fig"}d--f). These cells showed a broader region of F-actin at the basal side where the cells grow outwards (Fig. [1](#Fig1){ref-type="fig"}e). The spreading of cells was further illustrated by the presence of stress fibers (Fig. [1](#Fig1){ref-type="fig"}e). Here, the individual blebs were no longer recognizable. Interestingly, these cells exhibit small focal adhesions both detected with the probe directed against F-actin (Fig. [1](#Fig1){ref-type="fig"}e) and the antibody directed against phosphotyrosine proteins (Fig. [1](#Fig1){ref-type="fig"}d). The tyrosine phosphorylated proteins and F-actin clearly localize at the same sites, as shown by the merged images (Fig. [1](#Fig1){ref-type="fig"}c, f). The presence of tyrosine phophorylated proteins indicates active signal transduction localized in spots at the cell membrane within 30 min after mitosis.

During progression through the G1 phase, the tyrosine phosphorylated proteins were present at the cell membrane, especially in spots 1 h after mitosis (Fig. [2](#Fig2){ref-type="fig"}a) and onwards in G1 phase (Fig. [2](#Fig2){ref-type="fig"}d, g, j, m, p), these spots most likely represent focal adhesions. Stress fibers became clearly visible after 2 h after mitosis (Fig. [2](#Fig2){ref-type="fig"}e). The focal adhesions often are located at the tips of stress fibers, as is known from interphase cells (Badley et al. [@CR1]). Focal adhesions increase both in size and in number (Fig. [2](#Fig2){ref-type="fig"}a, d, g, j, m, p). The merged images clearly demonstrate a co-localization of tyrosine phosphorylated proteins and F-actin in the apparent focal adhesions. In addition, a band of F-actin was clearly visible beneath the plasma membrane which did not co-localize with tyrosine phosphorylated proteins (Fig. [2](#Fig2){ref-type="fig"}). During progression into the G1 phase, cells occupy increased surface area, illustrating the flattening of cells. Both at the basal side (Fig. [2](#Fig2){ref-type="fig"}) and the apical side (data not shown), cells no longer exhibit membrane blebs as was detected with CLSM by making optical sections through the cell. Figures [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} demonstrate that active signal transduction is localized in spots at the cell membrane, first in blebs of the cell membrane and later in newly formed focal adhesions.

Phosphorylated FAK is present in blebs of the cell membrane {#Sec9}
-----------------------------------------------------------

The local presence of tyrosine phosphorylated proteins in the membrane blebs illustrates activated signal transduction and might result both from activation by soluble growth factors and from activation by integrins. The appearance of small focal adhesions suggests the activation of integrin-induced signal transduction. Therefore attachment induced signal transduction was further investigated by measuring the local presence of phosphorylated Focal Adhesion Kinase (FAK), since the phosphorylation has been demonstrated to be prerequisite for activation of this kinase (Schaller [@CR31], [@CR32]).

Cells were synchronized by mitotic shake-off and subsequently replated for 40 or 60 min as indicated. After fixation the cells were labelled with an antibody directed against FAK phosphorylated on tyrosine residue 397 (P-FAK^397^), and with phalloidin to stain F-actin as described under "[Materials and methods](#Sec2){ref-type="sec"}". The cells were studied using confocal laser scanning microscopy (CLSM). As shown in Fig. [3](#Fig3){ref-type="fig"}a, P-FAK^397^ was detected in membrane blebs at the cell surface of these cells, in addition to a cytoplasmic and nuclear localization. The blebs contained F-actin, and from the merged image it was observed that P-FAK^397^ localized in membrane blebs was surrounded with a coat of F-actin (Fig. [3](#Fig3){ref-type="fig"}a CF). Figure [3](#Fig3){ref-type="fig"}a DEF represents an optical section through the center of the cell that clearly exhibits blebs at the edge of the cell. The blebs of the membrane were present on the whole cell surface, from the basal side (Fig. [3](#Fig3){ref-type="fig"}a ABC) to the apical side (Fig. [3](#Fig3){ref-type="fig"}a GHI).

After 60 min, the number of blebs decreased at the apical side of cells (Fig. [3](#Fig3){ref-type="fig"}b GHI vs. Fig. [3](#Fig3){ref-type="fig"}a GHI). Optical sections through the center of the cell revealed no blebs of the membrane (Fig. [3](#Fig3){ref-type="fig"}b DEF) in contrast to sections 40 min after mitosis (Fig. [3](#Fig3){ref-type="fig"}a DEF). However, in the cells that were fixed after 60 min, some blebs were observed that contain P-FAK^397^ at the basal side of cells (Fig. [3](#Fig3){ref-type="fig"}b ABC). Therefore, P-FAK^397^ labeling is temporally present in blebs at the cell membrane in post-mitotic cells. Furthermore, membrane blebs, including P-FAK^397^ labelling, that are in contact with the extracellular matrix exist for a longer period of time compared to blebs that are not in contact with the extracellular matrix.

Previously, we have studied integrin-mediated FAK autophosphorylation in lysates of mitotic and post-mitotic cells by western blotting, using the same antibody (Margadant et al. [@CR26]). It was shown that the antibody recognized FAK only in attached cells, that is under conditions that FAK is active and phosphorylated, and not in mitotic cells or cells that were detached from the substratum, in contrast to an antibody that recognized un-phosphorylated FAK (Margadant et al. [@CR26]), indicating antibody specificity. Moreover, labelling with various primary antibodies in combination with the secondary antibodies that were presented in this study resulted in no staining in the blebs of the membrane. For example cells that were labelled with antibodies raised against GM130 (mouse IgG1 antibody) and Lamin B (goat polyclonal IgG antibody) revealed no staining in membrane blebs (data not shown). Therefore, we conclude that specific staining was detected in the membrane blebs*.*

MAPK and phosphorylated MAPK are present in blebs of the cell membrane {#Sec10}
----------------------------------------------------------------------

It has been demonstrated that serum induces the phosphorylation of MAP kinase (MAPK) immediately after mitosis during the ongoing cell cycle of CHO and of neuroblastoma N2A cells (Hulleman et al. [@CR21]). This activation of MAPK during early G1 was shown to be independent of integrin signalling but to require the presence of serum (Hulleman et al. [@CR22]). The antibodies used in these and other studies have been demonstrated to be highly specific for phosphorylated MAPK in various cell lines (Hulleman et al. [@CR22]; Margadant et al. [@CR26]). In synchronized CHO cells, we demonstrated that the antibody directed against phosphorylated MAPK recognized only p42^MAPK^ and p44^MAPK^ by western blotting and that the amount of phosphorylated MAPK increased significantly upon progression of the cells from M to early G1 phase while the amount of total MAPK did not increase (Hulleman et al. [@CR22]). Similar results were obtained in HeLa cells (data not shown).

In order to establish the potential role of serum in the appearance of tyrosine phosphorylated proteins in the membrane blebs in early G1 phase (Fig. [1](#Fig1){ref-type="fig"}), we have studied the localization of phosphorylated MAPK in early G1 phase cells. HeLa cells were synchronized as described above and after 60 minutes cells were fixed and labelled with an antibody directed against MAPK (Fig. [4](#Fig4){ref-type="fig"}a), an antibody directed against phosphorylated MAPK (pMAPK) (Fig. [4](#Fig4){ref-type="fig"}d) or phalloidin to stain F-actin (Fig. [4](#Fig4){ref-type="fig"}b, e). Both MAPK and pMAPK were detected throughout the cytoplasm and both MAPK (Fig. [4](#Fig4){ref-type="fig"}a) and pMAPK (Fig. [4](#Fig4){ref-type="fig"}d) were present in blebs of the cell membrane, recognizable by the sheath of F-actin (Fig. [4](#Fig4){ref-type="fig"}b, e), as has been observed for tyrosine phosporylated proteins (Fig. [1](#Fig1){ref-type="fig"}). So, apparently the phosphorylation of proteins in early G1 phase that is present in membrane blebs that was demonstrated in Fig. [1](#Fig1){ref-type="fig"}, is caused by the activation of both growth factor- and integrin-induced signal transduction.

Post-mitotic membrane blebs are present in random growing cell cultures {#Sec11}
-----------------------------------------------------------------------

The studies presented so far have been performed with mitotic cells synchronized by mitotic shake-off. To exclude possible artefacts due to the synchronization method, exponentially growing HeLa cells were labelled for F-actin. In these cultures, the cells in mitosis are recognized by their morphology, being round versus the flat morphology of spread interphase cells. As shown in Fig. [5](#Fig5){ref-type="fig"}, cells immediately after cytokinesis exhibit membrane blebs comparable to the membrane blebs observed in synchronized cells (Figs. [1](#Fig1){ref-type="fig"}, [3](#Fig3){ref-type="fig"}a, [4](#Fig4){ref-type="fig"}). Similar results were obtained in early G1 phase cells in an exponential growing CHO culture (Fig. [5](#Fig5){ref-type="fig"}a). This suggests that the presence of membrane blebs in post-mitotic cells is a general phenomenon and is not induced by the shake off.

Membrane blebs during the spreading of trypsinized HeLa cells {#Sec12}
-------------------------------------------------------------

The presence of phosphorylated FAK in membrane blebs during early G1 phase in round cells suggests that the membrane blebs are involved in the attachment during spreading of these cells. This is supported by the observation of the appearance of small focal adhesions simultaneously with the disappearance of membrane blebs during the spreading of cells that suggests a role in attachment by creating the focal adhesions in the basal membrane. Alternatively or complementary, the disappearance of membrane blebs during the spreading of round early G1 cells, might deliver the extra membrane that is required due to the increased surface volume ratio that takes place during the spreading of round cells. This implicates that the formation of membrane blebs is related to attaching and spreading of cells, rather than to a specific cell cycle phase, and as such this phenomenon may be expected to occur in trypsinized cells that are allowed to attach and spread regardless the cell cycle phase. Therefore, exponentially growing HeLa and CHO cells were trypsinized and subsequently allowed to attach and spread for 30 or 60 min, respectively. The cells were fixed and labelled using an antibody directed against tyrosine phosphorylated proteins and using phalloidin to visualize F-actin. As shown in Fig. [6](#Fig6){ref-type="fig"}a A and C 30 min after replating both HeLa and CHO cells exhibit blebs of the cell membrane that were shielded with F-actin and contained proteins that are phosphorylated on tyrosine residues. These blebs were very similar as compared to the blebs that were observed during early G1 in HeLa cells that were described in the previous figures. Similar results were obtained with synchronized CHO cells during early G1 (data not shown). 30 min later, i.e. 1 h after replating, cells occupied a larger surface area indicating the spreading of cells and most of the membrane blebs disappeared (Fig. [6](#Fig6){ref-type="fig"}aB, D). The fast disappearance of the blebs of the membrane is again comparable with the results obtained with early G1 cells. These observations indeed suggest that membrane blebbing in early G1 phase is related to cell attachment and not specifically to the cell cycle phase.Fig. 6Spreading of trypsinized HeLa and CHO cells. **a** Cells were trypsinized according general procedures and allowed to spread for 30 or 60 min after replating. Subsequently cells were chemically fixed and labelled for PY100 (*green*) and F-actin (*red*) as described under "[Materials and methods](#Sec2){ref-type="sec"}". *Bar* represents 10 μm. **b** Effect of cell substratum on cell spreading and membrane bleb formation in CHO cells. CHO cells were trypsinized and plated on fibronectin and poly-[l]{.smallcaps}-lysine, respectively, in the absence or presence of serum for 10 or 20 min as indicated. Subsequently the fraction of the initial plated cells was calculated that had a spread or round morphology and the fraction of initial plated cells that contained membrane blebs. Because the cells were allowed to attach for only 10 or 20 min, non-attached cells are not included in the calculation

In order to determine the role of integrin-induced signaling in this process, cells were trypsinized and subsequently incubated on petridishes coated with either fibronectin or poly-[l]{.smallcaps}-lysine. We have shown previously that this culture strategy can be used to determine the role of integrins in cell attachment and spreading (Hulleman et al. [@CR22]). After 10 or 20 min, the cells were fixed and their morphology established by light microscopy. As shown in Fig. [6](#Fig6){ref-type="fig"}b, the fraction of cells that is spread increases in time from 31% after 10 min to 87% after 20 min when the cells were plated on fibronectin. In contrast, the fraction that is rounded and exhibits blebs decreases rapidly from 35% after 10 min to 7% after 20 min. In case cells were plated on poly-[l]{.smallcaps}-lysine, no spreading of cells was observed. Interestingly, the fraction of cells that exhibits blebs remained constant being 41% after 10 min and 39% after 20 min (Fig. [6](#Fig6){ref-type="fig"}b). Culturing the cells on fibronectin in the absence of serum resulted in an increase of spreading from 24% after 10 min to 31% after 20 min. In addition, a decrease was observed in cells containing blebs, from 15% after 10 min to 6% after 20 min. These results clearly demonstrate that cell spreading is dependent upon integrin activation. Furthermore, also the formation of membrane blebs occurs on rounded cells under all conditions tested, but the disappearance of the blebs is dependent upon the ability of the cells to spread.

Active cytosolic phospholipase A~2~α is present in membrane blebs {#Sec13}
-----------------------------------------------------------------

Recently, we found an interesting new role for cPLA~2~α in facilitating local actin and cell membrane dynamics (Moes et al. [@CR27]). Blocking of cPLA~2~α activity prevented the formation of PDGF induced local actin and membrane dynamics, such as lamellae and circular ruffles. These structures are induced by actin that locally pushes the membrane outwards. The membrane blebs that are described in this manuscript, are coated with F-actin that might reflect a role for actin in either inducing or maintaining the shape of the membrane blebs. cPLA~2~α might facilitate the formation of membrane blebs in a similar way as in the case of PDGF induced actin and membrane dynamics (Moes et al. [@CR27]). Therefore it was investigated if cPLA~2~α also plays a role in facilitating the formation of membrane blebs during early G1.

First the local presence of cPLA~2~α in the membrane blebs was investigated using an antibody specific for cPLA~2~α (Grewal et al. [@CR15]; Herbert et al. [@CR17], [@CR18]). cPLA~2~α was localized in the cytoplasm of cells and in the blebs of the membrane (Fig. [7](#Fig7){ref-type="fig"}a--c). In later stages, actin had formed a ruffling leading edge where cells expand lateral and less blebs shielded with F-actin were visible (Fig. [7](#Fig7){ref-type="fig"}d--f). In these cells, cPLA~2~α was present at the ruffling edge of the cells. At this edge, cPLA~2~α colocalizes with newly formed F-actin structures. In cells that progressed into the G1 phase for more than 2 h, these sites of co-localization of cPLA~2~α and F-actin became less abundant and were most clear at protrusions of cells (Fig. [7](#Fig7){ref-type="fig"}g--i).Fig. 7Localization of cPLA~2~α in G1 phase HeLa cells. HeLa cells were synchronized, replated and chemically fixed as described under "[Materials and methods](#Sec2){ref-type="sec"}" and Legends of Fig. [3](#Fig3){ref-type="fig"}. Subsequently cells were labelled for cPLA~2~α (*green*) and F-actin (*red*). Chemical fixation was performed 30 min (**a**--**c**), 1 h (**d--f**), and 4 h (**g--i**) after replating of mitotic cells. *Bar* represents 10 μm

Subsequently, the activity of cPLA~2~α that was present within the blebs and at the ruffling edge of cells was investigated by using an antibody directed against phosphorylated cPLA~2~α (Ser 505). P-cPLA~2~α was detected in the cytoplasm and in the nucleus. Interestingly, p-cPLA~2~α was localized also in the cell membrane blebs (Fig. [8](#Fig8){ref-type="fig"}a ABC). Half an hour after replating of mitotic cells, p-cPLA~2~α was present in membrane blebs both at the basal side and at the apical side of cells (Fig. [8](#Fig8){ref-type="fig"}a GHI). In later stages, the blebs of the membrane were absent at the apical side of cells (Fig. [8](#Fig8){ref-type="fig"}b GHI) and at the basal side p-cPLA~2~α was localized at the ruffling edge of cells (Fig. [8](#Fig8){ref-type="fig"}b ABC). The localization of p-cPLA~2~α at the edge of post-mitotic cells corresponds to the observed localization for cPLA~2~α.Fig. 8Localization of phospho-cPLA~2~α in G1 phase HeLa cells. HeLa cells were synchronized, replated and chemically fixed as described under "[Materials and methods](#Sec2){ref-type="sec"}" and Legends of Fig. [3](#Fig3){ref-type="fig"}. Subsequently cells were labelled for phospho-cPLA~2~α (*green*) and F-actin (*red*). **a** 30 min after replating, blebs of the cell membrane containing labelling for phospho-cPLA~2~α are localized at the basal side (*A*, *B*, *C*) as well as at the apical side of cells (*G*, *H*, *I*). **b** 2 h after replating, cells exhibit no blebs of the cell membrane at the apical side of cells (*G*, *H*, *I*) and blebs have increased in size or fused together at the basal side of cells (*A*, *B*, *C*). *Bar* represents 10 μm

Formation of membrane blebs is not related to signal transduction {#Sec14}
-----------------------------------------------------------------

It is demonstrated above, that round cells (both mitotic and trypsinized) that are allowed to attach and spread to the substratum exhibit membrane blebs and active signal transduction proteins. In order to determine the relationship between these two phenomena, we have inhibited integrin-induced signaling by a specific FAK inhibitor, 1,2,4,5-Benzenetetramine tetrahydrochloride, and the MAPK-induced signaling by the specific MEK1 and MEK2 inhibitor PD98059. Subsequently membrane blebs were identified by staining for F-actin similar as for the previous experiments. The inhibitors caused an inhibition of FAK and MEK1 and MEK2 phosphorylation respectively (data not shown). Under both conditions, membrane blebs were present in the cells as shown for the MEK inhibitor in Fig. [9](#Fig9){ref-type="fig"}, indicating that membrane bleb formation is independent of signal transduction.Fig. 9Effect of inhibition of the MAPkinase pathway on membrane bleb formation. HeLa cells were synchronized, replated for 30 or 60 min as indicated and chemically fixed as described under "[Materials and methods](#Sec2){ref-type="sec"}". Subsequently cells were labelled for F-actin (*red*) as described above. The MEK1 and MEK2 inhibitor pd98059 was added immediately after mitotic shake-off. In the presence of MEK1 and MEK2 inhibitor pd98059 (**b**, **d**), blebs of the membrane are present comparable to non-treated cells (**a**, **c**). *Bar* represents 10 μm

Discussion {#Sec15}
==========

Here, we describe the morphological changes of HeLa cells that occur during the transition from the M-phase to the early G1 phase. Immediately following the M-phase, before cell spreading, the cells exhibit numerous blebs at their cell surface. These blebs are shielded with F-actin and it is tempting to suggest that actin polymerization is responsible for the bleb formation as has been demonstrated for other membrane remodelling features as growth factor-induced membrane ruffles and leading edges (Moes et al. [@CR27]). Of particular interest are the observations that the membrane blebs contained tyrosine phosphorylated proteins, but were devoid of lamin B and GM130, a Golgi specific protein (data not shown), suggesting that these blebs exhibit high levels of signal transduction activity. These observations are in line with previously published observations that both growth factor-induced and integrin-induced signal transduction cascades are induced within 30 min after M-phase (Hulleman et al. [@CR21]; Margadant et al. [@CR26]). Furthermore, it has been demonstrated that membrane extrusions, such as membrane ruffles are enriched in signal transduction proteins (Diakonova et al. [@CR11]). Analysis of the presence of both pFAK and of pMAPK indicates the activity of integrin- and of growth factor-induced signaling in these blebs. Similar blebs were also observed if exponentially growing cells were trypsinized and subsequently allowed to adhere and spread. Together these observations suggest that the bleb formation represents a feature related to cell spreading, and apparently not specifically to the M to G1 phase transition.

The observation that small focal adhesions appear directly after the disappearance of the membrane blebs suggests a role in focal adhesion formation and attachment. At the same time that the focal adhesions appear, half an hour after mitosis, thin actin stress fibers appear. The actin stress fibers increase in size during time. Actin has a role in attachment that is demonstrated by the presence of focal adhesions at the tips of actin stress fibers in asynchronously growing cell cultures. However, during mitosis cells are rounded and are less attached to their substratum. After mitosis, cells reattach and flatten during early G1. The observed changes in both the actin cytoskeleton and focal adhesions facilitate the spreading of post-mitotic cells. The blebs of the membrane that were detected before the appearance of small focal adhesions may act as local signalling centers to facilitate the formation of new focal adhesions, similar as described (de Hoog et al. [@CR9]). The temporally existence of Spreading Initiation Centers (SICs) was reported during early stages of cell spreading. SICs were described to contain focal adhesion markers, to be enclosed by an F-actin sheath and were suggested to be precursors of focal adhesions (de Hoog et al. [@CR9]).

Interestingly, the blebs of the membrane increased in size only when in contact with the substratum. This further indicates a role for integrin signalling. Moreover, the blebs disappeared faster at the apical side of cells compared to the basal side of cells. The presence of membrane blebs at the apical side may be related to the required increase in membrane area. If cells spread, the surface volume ratio increases dramatically, and this can be achieved by membrane growth. During mitosis, cells were shown to change volume (Boucrot and Kirchhausen [@CR7]) and the area of the plasma membrane is controlled (Boucrot and Kirchhausen [@CR6]). In this respect, it is of particular interest that the membrane blebs contain phosphorylated cPLA~2~α. cPLA~2~α is usually activated by MAPK (van Rossum et al. [@CR35]) and we demonstrate here that the membrane blebs indeed contain phosphorylated and consequently activated MAPK. Although a role of membrane blebs in cell attachment and signal transduction seems apparent, inhibition of both integrin-induced and MAPK-induced signaling has no effect on the formation of membrane blebs. Thus, it is tempting to suggest that the membrane blebs are required for membrane growth in order to allow cell spreading and in addition facilitate the spreading process to constitute sites of actin metabolism connected to integrin- and growth factor-induced signalling.

Alternatively, the restrictions of our cell culture conditions may mask the function of the blebs of the membrane that were observed. Membrane blebbing was related to cellular movement in rounded cells that lack mature focal adhesions and stress fibers (Friedl et al. [@CR13]). It was described how blebs are generated during amoeboid migration in three-dimensional matrices (Charras [@CR8]; Friedl et al. [@CR13]; Friedl and Wolf [@CR14]). In our experiments, cells were cultured in a two-dimensional environment. Hence, the blebs on the apical side of cells were not in contact with extracellular matrix. It will be interesting to see how the membrane blebs that are formed during early G1 behave when fully surrounded by extracellular matrix.
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